Manure-derived P can jeopardize surface water quality in regions dominated by sandy soils, due to low P retention capacity of these soils. Surface (Ap) horizons from dairy-intensive areas in the Lake Okeechobee Basin were recently found to release P readily, despite abundant Ca and high pH. The purpose of this study was to determine the inorganic components that influence or reflect the stability of P in these horizons and in a related stream sediment that released much less P than soil material, despite comparable total P. Coarse fragments (>2 ram), sand, silt, and clay were separated by sieving and centrifugation. Whole soil material and coarse fragments were examined using a dissecting microscope. Crystalline and noncrystalline components were identified using a combination of optical microscopy, x-ray diffraction, scanning electron microscopy, energy dispersive x-ray analysis, electron microprobe analysis, thermogravimetry, density separation, and selective dissolution techniques. The >2-pro fraction of Ap horizons was dominated by quartz, but appreciable biogenic opal was present in the silt. Clay from these horizons was mainly noncrystalline Si (opal A), which persisted after Ca and P were removed via selective dissolution. The clay-fraction Si had high CEC, abundant adsorbed water, amorphous morphology, and low affinity for P. It was probably a degradation product of opaline forage phytoliths, since dried manure contained Si bodies similar in morphology to those found in silt and clay. Lack of Ca-P minerals suggests that manure components (i.e., organic acids, Mg, Si, etc.) inhibited crystallization of stable Ca-P, thereby maintaining high P solubility. The stream sediment contained a calcium phosphate mineral resembling poorly crystalline apatite, and a ferrous phosphate mineral (vivianite). The §ux of P from dairy to aquatic systems in regions of dominantly sandy soils could be markedly reduced if the barrier to the crystallization of Ca-P could be eliminated.
Scinto and Reddy, 1990; Burgoa, 1991) . Lateral transport of P from sandy, manure-affected surface horizons to streams is exacerbated by high water tables (Allen, 1987; Mansell et al., 1991) .
Stability of fertilizer and manure-derived forms of P is a relevant environmental consideration for deep sandy soils, given the potential for subsurface transport. The forms, stabilities, and transformations of applied P have been studied for a variety of soil materials and amendments (Bell and Black, 1970a,b; Fixen and Ludwick, 1982; Sharpley et al., 1984; O'Connor et al., 1986; Pierzynski et al., 1990) . We recently found that high levels of P could be leached from surface (Ap) horizons of four sandy Florida soils heavily loaded with dairy manure despite high pH and abundant Ca 2÷ in solid and solution phases (Wang et al., 1994) . Solutions were supersaturated with respect to apatite, and even to some of the more soluble metastable forms of Ca-P. These soils were Aquods (Soil Survey Staff, 1975) , which are dominated by stripped quartz sand in A and E horizons. These horizons have minimal P retention capacity (Burgoa, 1989) . Thus, manure appeared to provide the reactive (nonquartz) components that dictated P stability terms of both sorption and precipitation. The P in dairy manure is mainly in inorganic form (Morse et al., 1992) .
This study was conducted to determine the composition of samples used by Wang et al. (1994) , including four dairy-impacted Ap horizons and a stream sediment influenced by dairy-barn flushing. The sediment was included because it inexplicably released far less P upon leaching than the soil samples, despite comparable total P (Wang et al., 1994) . We believe the results help to explain the labile nature of P in such Ap horizons, and have implications for water quality in regions where dairies are located on deep sandy soils.
MATERIALS AND METHODS Sample Collection and Preparation
Samples of surface soil horizons (Ap; 0-20 cm) from four representative dairy-intensive areas (Sites I-4; fenced areas near milking barns with heavy manure loading) in Okeechobee Basin, and of a stream sediment (sampled at approximately 0-20 and 20-40 cm) from Site 2 were used in the study (Fig.  I) . The intensive-area Ap horizons were heavily affected by manure, and had little or no vegetative cover. The dominant soils for all sites were Aquods. The P forms by horizon were previously characterized for Sites I, 2, and 4 by Nair and Graetz (1991) , who found (in concurrence with Wang et al., 1994) that the P in intensive-area Ap horizons was mainly associated with Ca. Samples had relatively high sand (810-890 g kg -~) and organic C (44-72 g kg -I) contents (Table I) .
Abbreviations: CEC, cation exchange capacity; DCB, dithionite-citratebicarbonate; XRD, x-ray diffraction; TG, thermogravimetry; SEM, scanning electron microscopy; EM, electron microprobe. They had high pH (8.0-9.5), reflecting the influence of manure on the originally acidic native soils.
Three 25-cm bucket-auger samples of Ap-horizon material within a radius of approximately 50 cm were collected from two locations within each intensive area. Samples within the 50-cm radius were combined, yielding two samples from each holding area. Two undisturbed cores (0-20 cm) were also taken within each 50-cm radius for bulk density and moisture content determinations. The stream sediment was sampled at approximately the same location for which high total P content had been measured previously (Scinto and Reddy, 1990) . Sampies were stored in plastic bags under refrigeration until analyzed. Subsamples were air-dried, crushed, and passed through a 2-mm sieve.
Samples were processed for mineralogical analyses both with and without organic matter removal. Removal was accomplished via wet oxidation under alkaline conditions using NaOC1 (Lav.kulich and Wiens, 1970) . Samples of known weight (air-dry) were placed in beakers, immersed in NaOC1, and stored at room temperature. When the color shifted from dark brown to gray, samples were washed in 1 M NaC1 to remove NaOC1 and maintain Na saturation for effective dispersion. Salt was then removed by washing in deionized water. For samples not treated for organic matter removal, aliquots of known weight were dispersed at elevated pH (9.5), in preparation for particle-size fractionation.
Particle-Size Fractionation
Sand was separated from silt and clay by wet sieving. It was then dried and further fractionated by dry-sieving within a mechanically shaken sieve nest. Silt and clay were separated by centrifugation (Whittig and Allardice, 1986) , using elevated pH to further promote dispersion. Sand and silt fractions (including sand subfractions) were weighed following separation. Clay was obtained by difference.
Biogenic Opal Separation
Silt-sized biogenic opal (plant phytoliths, diatoms, sponge spicules, etc.) (Drees et al., 1989 ) from three dairy-site samples (Site 1, Site 2 stream, and Site 4) was collected for study from silt fractions via density separation in appropriately adjusted solutions of Na polytungstate. Several samples of dried manure from Okeechobee dairies were digested using H202 and H2SO4, and biogenic opal was collected from the residues by density separation.
Chemical Characterization
Sample pH was determined at 1:1 soil/water ratio, organic C by acid dichromate digestion (Soil Survey Staff, 1991; method 6A1C), and total P by an alkali oxidation method (Dick and Tabatabai, 1977) . Soil extracting solution from an inorganic P fractionation analysis (Wang et al., 1992 (Wang et al., , 1994 were also analyzed for Ca and Mg; the sum of 1.0 M KC1 and 0.5 M HC1 extractions are reported as extractable Ca and Mg. (Table  1 ). Cation exchange capacity (CEC) of the clay fraction determined at pH 7 by Ca-Mg exchange after the clay had been extracted with 0.05 M NaOH and 0.05 M HC1. The CEC was determined in a manner that minimized hydrolysis errors induced by washing (Okazaki et al., 1962) . The P adsorption for the NaOH/HCl-treated clay was determined at two P solution concentrations using 0.5 g of Ca-or Na-saturated clay, 10 mL solution, and 24-h equilibration.
Selective Dissolution
Clay-fraction subsamples from three of the dairy-site samples (the same ones for which biogenic opal was separated) were sequentially extracted with dithionite-citrate-bicarbonate (DCB) (Mehra and Jackson, 1960) , 0.5 M NaOH, 0.5 M and 0.3 M ammonium oxalate (McKeague and Day, 1966) . Small aliquots of the residue following each extraction were saved for subsequent crystallographic (x-ray) and elemental analyses as described below.
Mineralogical Analyses
A clay-sized internal standard (pyrophyllite) for x-ray diffraction analysis (XRD) was quantitatively added to the sample clay while both were in stable colloidal suspension (Reynolds, 1989) . The internal standard for silt (corundum) was mixed as a dry powder with silt from the sample. Mineral quantities were calculated by the method of Reynolds (1989) , but are reported only semiquantitatively as ranges (Table 2) .
Oriented mounts for clay fractions were prepared for XRD by depositing 250 mg of clay as a suspension onto a porous 
qz = quartz, fd = feldspar, ap = apatite-like mineral, hm = heavy minerals (high specific gravity; zircon, tourmaline, etc.), op = opaque grains, ca calcite, ka = kaolinite, sm = smectite. tr = trace, L = Low (<15%), M = Medium (15-30%), H = High (>30%), none detec ted. "
ceramic tile under suction. Clay was saturated on the tiles with Mg and K; the Mg mount was also solvated with glycerol following an initial XRD scan. Random powder mounts of the silt were prepared by gently side-loading the powder into a recessed holder. Mounts of ground sand grains, biogenic opal, or other material hand-selected for mineralogical study were prepared by drying a slurry of the powder onto a glass slide or specially oriented, low-background quartz plate.
Samples were scanned at 2° 20 min -~ with Cu Kct radiation, using a computer-controlled XRD system equipped with a stepping motor and graphite crystal monochromator. Minerals were identified from XRD data according to criteria outlined by Whittig and Allardice (1986) . Mineral identification was augmented by thermogravimetry (TG) (Tan et al., 1986) .
The whole soil, coarse fragments (>2 mm), and coarser sand fractions were examined under a dissecting microscope. Materials of interest were sorted or collected for further study by other techniques described below.
Sand-sized minerals were identified by petrographic microscopy (Shelly, 1985) . Grain mounts of the dominant (usually fine-sand) fraction were prepared by mixing grains on a glass slide within a medium of known refractive index and applying a cover slip (Cady et al., 1986) . Mounts were also prepared for less-abundant fractions when grains of special interest were discovered under the dissecting microscope. Grain counts (Galehouse, 1971) were conducted on the dominant sand fractions.
Selected (hand-sorted) grains, biogenic opal, clay fractions following selective dissolution, and other materials of mineralogical interest collected from the whole soil were examined by scanning electron microscopy (SEM) and electron microprobe (EM). These materials were mounted on carbon stubs and coated with carbon. Secondary images, x-ray dot maps for selected elements, and energy dispersive x-ray spectra were obtained during SEM examination. Quantitative elemental composition of particles containing high P were determined by EM.
RESULTS AND DISCUSSION

Particle-Size Fraction
Particle-size distribution was similar for the five dairysite samples (Table 1) . Data are reported as a proportion of the <2-mm fraction; only a small fraction of the samples was >2 mm in size. Sand was dominant and silt least abundant in all cases. The clay content (9-15 %) was higher than what would be expected for native surface horizons (Calhoun and Carlisle, 1974; Sodek et al., 1990) . Clay enrichment probably arises from the deposition of inorganic manure residues.
Mineralogy
Whole Soil and 0.5-mm Fractions
The >2-mm fraction was mainly composed of shell fragments, probably remnants of shell amendments applied to improve bearing C~ipacity of the intensive areas.
Two phosphate minerals were found in the Site 2 stream sediment during examination of sand-and wholesoil samples under the dissecting microscope; no other crystalline P phases were detected in any of the samples studied. The medium and coarser sand fractions from the sediment contained dark, vitreous grains coated with a light-brownish opaque material. These grains fractured conchoidally when crushed (Fig. 2) . Energy-dispersive x-ray analysis indicated that they were dominated by Ca and P (Fig. 3) . The stoichiometry from EM analysis was closest to apatite among the Ca phosphate minerals, though data showed large variations due to grain-surface irregularities.
The XRD pattern of ground grains showed broad peaks in the ranges where clusters of major apatite peaks occur (Fig. 4) , indicative of poorly crystalline apatite. We will subsequently refer to this Ca-P phase as the apatite-like mineral. Synthetic poorly crystalline apatites produce similar XRD patterns (Galindo et al., 1993) .
The origin of this apatite-like mineral in the stream sediment is uncertain, though high Ca activity (Scinto and Reddy, 1990) would favor apatite stability. Also, the stream had a history of heavy P loading (dairy barn flushing). Leached effluent from the sediment contained far less solution P than did effluents of the Ap horizons (Wang et al., 1992 (Wang et al., , 1994 , even though total P was comparable among the samples. Nevertheless, stream leachates were still supersaturated with respect to apatite. Moreover, stream concentrations of Ca and P were probably elevated during influx of barn effluent. Thus the apatite-like mineral could have precipitated in the stream. If so, it is uncertain why such a relatively stable Ca-P phase was able to form in the stream environment but not the soil. No other origin of the stream apatite-like mineral (i.e., undigested feed supplement, etc.) has been verified thus far.
The other phosphate mineral in the sediment was first detected during whole-soil examination. It occurred as patches of bright blue precipitate (Dell, 1973) on the surface of aggregates made up largely of quartz grains and organic debris (Fig. 2) . This precipitate was identified vivianite (Fe3[PO412" 8H20) based on color (Dell, 1973) (initially); composition as determined by energy dispersive x-ray (Fig. 3 ) and EM; and XRD peaks at 0.680, 0.297, and 0.271 nm (Joint Comm. for Powder Diffr. Stand., 1980) (Fig. 4) . Weaker XRD reflections were not present because of (i) quartz dilution, even after careful manual segregation of the blue precipitate; and (ii) strong preferred orientation due to perfect (010) cleavage (Blanchard and Abernathy, 1980) . The presence of Fe, P, and organic matter under low redox conditions favor the formation of vivianite. Vivianite is rare, but has previously been reported in soils (Lindsay et al., 1989) and sediments (Dell, 1973; Slanskey, 1986) .
Sand fractions of the Ap horizons and stream sediment (apatite-like grains notwithstanding) were dominated by quartz (Table 2) . A few feldspar and heavy-mineral grains were observed on most grain mounts, along with microcrystalline or opaque grains, which could not be identified mineralogically by optical means. However, the number of unidentified grains was negligible. Fig. 3 . Energy-dispersive x-ray spectra for the concentrated blue precipitate identified as vivianite (upper) and the sand-sized apatitelike mineral (lower), both of which were found in the stream sediment.
Fe Fe
Silt Fractions
The only crystalline components detected in silt fractions of dairy-site samples were quartz (dominant in all samples) and calcite (low amounts detectible in some samples) ( Table 2 ). Low weight-fraction estimates by the internal standard method are attributable to noncrystalline diluents. The major diluents were biogenic opaline Si and its degradation products, which are characterized below.
Clay Fractions
Clay fractions were composed predominantly of noncrystalline materials, as indicated by the very low amounts of detectable crystalline phases (Table 2 ) and the broad peak (elevated XRD background) in the 15" to 30" 28 range (Fig. 5 ) . Quartz occurred in all samples, and kaolinite in most. Smectite was detected only in the stream sample. No P-bearing mineral was detected in the clays, despite levels of P ranging up to 13.2 g kg-' (Wang et al., 1994) . Pierzynski et al. (1990) also failed to detect discrete P minerals in their study of excessively fertilized soils.
Thermogravimetric analysis of the clay, both before and after the DCB-NaOH-HC1-oxalate dissolution sequence, showed that thermally induced weight loss was substantial for all samples, though of lower magnitude for the stream samples (Fig. 6) . Losses samples approached 50%, most of which occurred at temperatures below 500°C. The TG curves for the intensive-area samples were nearly indistinguishable. The large weight 10ss for the Ap-horizon clays is attributable to noncrystalline Si, the only component that persisted through the dissolution sequence (see below). Removal organic matter (by NaOH) and calcite (by HC1) reduced weight loss attributable to these components at low and high temperatures, respectively. The lower weight loss and smaller XRD peak between 15° to 30° 20 for stream samples both indicate less noncrystalline material than for the intensive-area samples, Mineralogical comparison of samples before and after leaching from a column study (Wang et al., 1994) did not show differences, primarily due to the dominance of noncrystalline material that is not readily distinguished by mineralogical techniques. However, chemical comparisons showed substantial losses of Ca, Mg, and P via leaching (Wang et al., 1994) . It is noteworthy that apatite standard used to spike one of the columns did not elevate effluent levels of Ca and P, and was readily detectable by XRD after leaching. The latter findings are consistent with effluent analyses, indicating that the Ca forms of P in intensive-area samples were far more soluble than apatite. The lack of crystalline P forms in the clay fractions accentuates the importance of understanding the noncrystalline (metastable) forms.
The alkaline conditions and relatively high extractableCa content of the intensive-area soils (Table 1) should favor the formation of apatite and a very low solution activity of P at equilibrium (Lindsay, 1979) . However, Ap horizons at the intensive-area sites receive frequent additions of manure and rainfall, and thus are not equilibrium systems. Activities of P and Ca in leaching solutions were high (Wang et al., 1994) , exceeding the solubility product of apatite and even some other more soluble Ca-P forms (i.e., tricalcium phosphate and octacalcium phosphate). These activities are apparently maintained by manure-deposited labile forms of Ca and P, based on results of fractionation and leaching studies. However, the specific forms are unknown. The apparent absence of discrete Ca-P minerals despite years of heavy P loading could be due to the presence of some component that inhibits Ca-P crystallization. Prospective groups of components with documented inhibitory effects on Ca-P crystallization include soluble Mg species (Ferguson et al., 1973; Zoltek, 1974; Brown, 1981; Nancollas, 1984; Yadav et al., 1984) and organic acids (Amjad, 1987; Grossl and Inskeep, 1991) . Another component to be considered is Si. Noncrystalline-Si is likely to support a high activity of Si at high pH, which could interfere with Ca-P interactions and thereby inhibit long-range order. Alternatively, the highly charged amorphous-Si may retain Ca in surface domains that impose steric and electrostatic restrictions on Ca-P articulation. Removal of the barriers to Ca-P crystallization, whatever they might be, could greatly reduce the P flux from dairy-affected Ap horizons.
Characterization of Noncrystalline Material Selective Dissolution
The broad XRD peak in the 15° to 30° 20 range diminished but did not disappear as a result of the selective-dissolution sequence (Fig. 7) . Clays of intensivearea samples, prior to any extractions (and without organic matter removal), were dominated by Si, with appreciable Ca and detectable peaks for A1, P, and S by energy-dispersive x-ray analysis (Fig. 8) . The untreated stream sediment sample was also dominated by Si, but contained more Al and no detectable P. The bulk of the P in the latter sample was in the apatite-like sand described above. The dissolution sequence resulted in total depletion of Ca and P (Fig. 8) for all samples. Silicon and some AI and S were all that remained, though relatively more Al persisted for the sediment sample. The resistance of A1 in the latter sample is due to its crystalline form (smectite). The morphology of the Si clay residue from the intensive-area samples was amorphous (Fig. 9) . The low-density manure residue also contained Si material with amorphous morphology essentially indistinguishable from that of intensive-area soil clays (Fig. 9) .
Density Separations
Dominance of noncrystalline Si raised the question of its origin. We suspected that it was a degradation product of biogenic opal from forage plants (i.e., phytoliths), possibly enriched in the soil as a residue of manure (Gueguen et al., 1975; Prior et al., 1986) . Biogenic opal, as evidenced by recognizable plant phytoliths (Fig.  9) , was found in the low-density fractions of Site 1 and Site 4 soil samples (Sites 2 and 3 were not fractionated) and in the acid-resistant residues of all three dried manure samples that were fractionated. All low-density material analyzed by energy-dispersive x-ray was composed almost completely of Si. The stream sample also contained biogenic opal, but largely in the form of diatoms. The presence of opaline Si in silt fractions and manure is a strong indication that the bulk of the Si-dominated clay is manure-derived. The origin of the S that was still detectable in the clay after the sequential extractions (described above) is uncertain; however, biogenic opal often contains occluded (recalcitrant) forms of organic matter (Wilding and Drees, 1973) .
The XRD patterns of opal from all soil and manure ( Fig. 10) were indistinguishable, both showing the broad peak characteristic of noncrystalline material. This peak resembles that of biogenic Opal A presented by Drees et al. (1989) . A similar but more subdued peak is also evident on the silt XRD patterns (Fig. 10) . Low quartz weight-fraction estimates for the silt are therefore at least dration (Fig. 6) , characteristic of poorly crystalline silica in part due to the presence of phytoliths. The TG curves polymorphs (Drees et al., 1989). This weight loss was of low-density fractions of silts and manure residues generally <100 g kg-1. However, the manure low-density verified low-temperature weight loss attributable to dehyresidues lost more weight at higher temperatures ( 6), probably due to the presence of more highly degraded (amorphous) forms (Fig. 9) , which would retain water more tenaciously. 
Chemical Characterization
The dominance of noncrystalline-Si clays in the Ap horizons is significant with respect to chemical properties. These clays, following removal of organic matter and carbonates, had high CEC at pH 7 and low P sorption capacity (Table 3) . Retention of anions such as orthophosphate is not likely to be enhanced by the negatively charged surfaces, though some retention may be fostered by cation bridging. Higher P sorption was observed for this clay under Ca saturation than under Na saturation (Table 3) , supporting the suspicion that bridging is factor (Miller, 1978) . SUMMARY AND CONCLUSIONS Mineralogy and related properties determined for the four Ap horizons and stream sediment reflect the influence of dairy manure. The Ap horizons were dominated by quartz in coarser fractions and by noncrystalline materials composed mainly of Si in clay fractions. The noncrystalline Si appears to be a degradation product of plant phytoliths, which were found in silt fractions and manure residues. It has a high CEC but little affinity for P. Its P-retention capacity is cation dependent, suggesting a bridging mechanism. No Ca-P minerals were detected in any size fraction of the Ap horizons, despite high pH and years of high Ca and P additions. The stream sediment contained smectite and less noncrystalline materials in the clay fraction. It also contained the only P minerals detected in this study: vivianite and a poorly crystalline apatite-like mineral.
The dominance of noncrystalline Si and lack of crystalline Ca-P in the intensive-area Ap horizons constitute an unfavorable environment for P retention in dairy-affected sandy soils. Possibly, the crystallization of Ca-P is inhibited by manure-derived components such as Mg, organic acids, and Si. Effects of Si on crystallization of Ca-P in these systems are unknown, but may warrant further study given the presence of a noncrystalline form and alkaline conditions. The amorphous-Si surface (high negative charge at high pH) could impose steric and electrostatic restrictions on Ca-P articulation; alternatively, high solution activity of Si could interfere with Ca-P interactions and thereby perturb long-range order. Elimination of the barriers to Ca-P crystallization could greatly reduce P leaching from dairy-affected surface horizons. ) of Site 4 silt (confirmed by energy-dispersive x-ray to be dominated by Si and to contain plant phytoliths); and (c) low-density portion of a manure residue, also confirmed to contain phytoliths as well as "amorphous" Si.
